The accuracy of cerebral blood flow measurements using pseudo-continuous arterial spin labeling can be affected by vascular factors other than cerebral blood flow, such as flow velocity and arterial transit time. We aimed to elucidate the effects of common variations in vascular anatomy of the circle of Willis on pseudo-continuous arterial spin labeling signal. In addition, we investigated whether possible differences in pseudo-continuous arterial spin labeling signal could be mediated by differences in flow velocities. Two hundred and three elderly participants underwent magnetic resonance angiography of the circle of Willis and pseudo-continuous arterial spin labeling scans. Mean pseudo-continuous arterial spin labeling-cerebral blood flow signal was calculated for the gray matter of the main cerebral flow territories. Mean cerebellar gray matter pseudo-continuous arterial spin labeling-cerebral blood flow was significantly lower in subjects having a posterior fetal circle of Willis variant with an absent P1 segment. The posterior fetal circle of Willis variants also showed a significantly higher pseudo-continuous arterial spin labeling-cerebral blood flow signal in the ipsilateral flow territory of the posterior cerebral artery. Flow velocity in the basilar artery was significantly lower in these posterior fetal circle of Willis variants. This study indicates that pseudo-continuous arterial spin labeling measurements underestimate cerebral blood flow in the posterior flow territories and cerebellum of subjects with a highly prevalent variation in circle of Willis morphology. Additionally, our data suggest that this effect is mediated by concomitant differences in flow velocity between the supplying arteries.
Introduction
Arterial spin labeling (ASL) is a magnetic resonance imaging (MRI) technique used to noninvasively quantify brain perfusion. 1, 2 The pseudo-continuous arterial spin labeling (pCASL) is recommended as the current optimal default implementation of ASL for whole brain perfusion imaging. 3 pCASL achieves a relatively high labeling efficiency by applying a series of short radiofrequency pulses to magnetically label hydrogen spins of arterial blood. 4 This technique has become a valuable tool to determine cerebral blood flow (CBF) in, for instance, patients with Alzheimer's disease, stroke, and neurodegeneration in general, by combining a considerable spatial resolution with only a few minutes of data acquisition. [5] [6] [7] [8] However, accurate quantification of pCASL-CBF measurements can be affected by vascular factors other than CBF, such as flow velocity and arterial transit time. Decreased arterial flow velocity in the labeling plane directly disturbs the efficiency of the pCASL labeling process. 4, 9, 10 Moreover, the arterial transit time determines the amount of labeled blood reaching the perfused tissue before image acquisition. As both factors are dependent on vascular anatomy, individual differences in the arterial tree between subjects may introduce undesirable variance in pCASL data.
The circle of Willis (CoW) is an arterial anastomosis located at the base of the brain that is known to demonstrate considerable morphological variation, also among healthy subjects. The prevalence of an incomplete CoW configuration, characterized by hypoplasia or absence of one or more arterial segments, is high and is estimated to be between 53 and 80%. [11] [12] [13] [14] [15] [16] [17] Routing of arterial blood from the brain feeding arteries is known to vary considerably across these variants. 18, 19 We hypothesize that altered routing and velocity of arterial blood lead to local changes in pCASL signal in subjects with asymmetrical CoW configurations.
The aim of the present study is to elucidate the effects of common CoW variations on pCASL signal. To this end, we compared gray matter pCASL signal in the main arterial flow territories among the most prevalent CoW variants. In addition, we used phase-contrast MRI to investigate whether possible differences in pCASL signal could be mediated by differences in arterial flow velocities.
Materials and methods

Subjects
Data were obtained from the MRI substudy of the Discontinuation of Antihypertensive Treatment in the Elderly (DANTE) trial: a randomized controlled trial evaluating the effect of temporary (four months) discontinuation of antihypertensive therapy on neuropsychological functioning in older persons with mild cognitive deficits. The DANTE Study Leiden was approved by the medical ethics committee of the Leiden University Medical Center and informed consent was obtained from all participants. In total, 203 of the DANTE participants underwent magnetic resonance angiography (MRA) of the CoW and pCASL MRI scans.
Scan parameters
All MRI scans were acquired on a whole-body magnetic resonance system operating at a field strength of 3-T (Philips Medical Systems, Best, The Netherlands), equipped with a 32-channel head coil. PCASL labeling was performed using a train of 0.5 ms Hanningshaped radiofrequency pulses with an interpulse pause of 0. , and FOV ¼ 200 mm Â 180 mm Â 60 mm and were reconstructed into maximum-intensity projection (MIP) images using software supplied by the scanner manufacturer.
Flow and flow velocity measurements
Flow velocity measurements were performed using ungated phase-contrast MRA, based on two localizer MR angiograms in the sagittal and coronal orientation and acquired with the following parameters: TR ¼ 13 ms; TE ¼ 8. 
CoW anatomy
CoW anatomy of each subject was evaluated using both 3DTOF MRA MIPs and source images. The anterior and posterior parts of each circle were assessed separately by a blinded rater according to a simplified version of the classification scheme used in an earlier study. 11 Following this classification, a complete posterior CoW was defined by the presence of two well-developed (diameter > 0.8 mm) P1 segments of the posterior cerebral artery, in combination with the posterior communicating arteries on both sides being either absent or hypoplastic (diameter < 0.8 mm). Although we did not perform directional flow measurements, it is expected that, in the absence of stenotic disease in the internal carotid or basilar arteries, the individual P1 segments are responsible for filling of the subsequent P2 segments on their side.
The unilateral fetal posterior CoW variant was defined by a unilaterally absent or hypoplastic P1 segment of the posterior cerebral artery, in combination with the ipsilateral posterior communicating artery having a diameter > 0.8 mm. Flow in the ipsilateral P2 segment will therefore originate fully or mainly from the ipsilateral ICA by flow through the ipsilateral posterior communicating artery. Again, although directional flow measurements in the posterior communicating artery were not performed, it is highly unlikely that in these cases flow direction is in the posterior to anterior direction.
Anterior CoW morphology was considered nonvariant when both precommunicating segments of the anterior cerebral artery (A1 segments) were clearly visible with a diameter > 0.8 mm. The variant type anterior CoW morphology was defined by a missing A1 segment of the anterior cerebral artery on one side, with the ipsilateral postcommunicating segment of the anterior cerebral artery (A2 segment) filled by the contralateral ICA by cross flow through the anterior communicating artery.
The present study protocol was not specifically designed for screening occlusive disease in the entire tract of the common carotid artery, internal carotid artery, basilar artery, and vertebral arteries. For the anterior circulation, screening was performed from approximately 2 cm below the carotid bifurcation and up. Of the posterior circulation, only the basilar artery was checked. None of the subjects included in the present study demonstrated occlusion or stenosis of these arteries on MRA.
PCASL-CBF quantification
pCASL images were first corrected for slice timing, gradient nonlinearities, and subject motion using in-house software and different tools of the FMRIB Software Library (FSL) version 5.0.6. 20 The perfusion-weighted images were converted into CBF maps in units of ml/ 100 g/min using a single compartment model assuming a labeling efficiency of 85%. 3 Next, CBF maps were skull stripped using FSL's BET tool 21 and all registered to MNI152 (Montreal Neurological Institute) standard space via each subject's respective T1-weighted image using linear and nonlinear registration. 22, 23 Gray matter masks were generated from each subject's standard space registered T1-weighted image with FSL's FAST tool 24 and used to calculate mean cerebral and cerebellar gray matter pCASL-CBF. Rectangular ROIs for the flow territories of the anterior cerebral arteries (ACA), middle cerebral arteries (MCA), and posterior cerebral arteries (PCA) were drawn manually on the 2 mm MNI152 template ( Figure 1 ). General locations of these ROIs were based on an earlier flow territory mapping study. 25 These ROI templates were subsequently used with each subject's gray matter mask to calculate the mean gray matter CBF in units of ml/100 g/min for each flow territory.
Statistical analysis
Data from left-sided and right-sided CoW variants were pooled by considering the side of the variant or absent artery as ipsilateral. Differences in pCASL-CBF between the ipsilateral and contralateral flow territories of the ACA, MCA, and PCA were assessed by paired t-tests. Differences in flow velocity between the brain feeding arteries were also compared using paired t-tests. Flow territory pCASL-CBF values that significantly differed within CoW variants were subsequently compared with the corresponding values of the nonvariant CoW using binary logistic regression, correcting for age and gender. Whole-brain and cerebellar gray matter pCASL-CBF values were compared between CoW variants using binary logistic regression with age and gender correction. A p-value of < 0.05 was considered statistically significant. Data are presented as mean AE SEM unless stated otherwise. PCASL-CBF values are presented in units of ml/100 g/min.
Results
Subject characteristics are summarized in Table 1 . Mean age was 80.8 (SD 4.1) years, (range: 75-96 years), and 56% (n ¼ 115) of the study population was female. Mean gray matter pCASL-CBF of the entire group was 35.9 (SD 9.4) ml/100 g/min. Table 2 shows the prevalence of CoW variants in the study population. CoW anatomy could not be evaluated in 16 of 203 subjects due to low scan quality caused by motion artifacts, leaving 187 subjects for analysis. For the anterior part of the CoW, 89.8% of subjects had patent A1 segments and were classified as nonvariant. 10.2% had a missing unilateral A1 segment with both A2 segments filled from one side, constituting a ''missing A1'' variant.
CoW anatomy
For the posterior part of the CoW, 62.6% of subjects had a nonvariant configuration. The unilateral fetaltype PCA variant was found in 21.4% of subjects.
In these cases, the ipsilateral P1 segment was either hypoplastic (11.2%) or absent (10.2%). The posterior fetal CoW variant was divided into subgroups based on whether the ipsilateral P1 segment was absent or hypoplastic. In the remaining 16.0% (n ¼ 30) of subjects, six uncommon posterior CoW variants were found. This group of ''other'' variants consisted of a bilateral fetaltype variant (n ¼ 10), a non-fetal-type variant with unilateral absence of the posterior communicating arteries on either the left (n ¼ 6) or right (n ¼ 5) side, a bilateral fetal-type variant lacking both P1 segments (n ¼ 5) and a bilateral fetal-type variant with an absent left (n ¼ 2) or right (n ¼ 2) P1 segment. Due to the anatomical heterogeneity of this group and as our hypothesis only concerned asymmetrical variants, these six less prevalent posterior variants were not evaluated further.
Nonvariant morphology in both the anterior and posterior part of the CoW (the fully nonvariant type) was found in 56.1% of all subjects.
CoW variants and gray matter pCASL-CBF in cerebrum and cerebellum
No significant differences were found in whole-brain mean cerebral gray matter pCASL-CBF between subjects with a fully non-variant-type CoW (36.0 AE 0.9), a missing A1 segment (34.5 AE 1.9), or posterior fetal-type CoW configuration (35.8 AE 1.4).
Mean cerebellar gray matter pCASL-CBF was significantly lower in subjects having a posterior fetal CoW configuration with an absent ipsilateral P1 segment compared with subjects having a nonvariant posterior CoW Figure 2 shows the mean pCASL-CBF maps for the nonvariant type of the CoW: n ¼ 117, the fetal variant with a hypoplastic left-sided P1 segment: n ¼ 8, and the fetal variant with an absent left-sided P1 segment: n ¼ 14. In both fetal variants, a lower pCASL-CBF signal can be seen on the posterior side contralateral to the fetal-type PCA.
CoW variants and pCASL-CBF in the flow territories
PCASL-CBF data of the individual PCA, MCA, and ACA flow territories for the various CoW variants are shown in Figure 3 . As shown by these data, there is ipsilateral to contralateral asymmetry of pCASL-CBF signal between the PCA flow territories in the posterior fetal CoW variant. In the fetal variant with the hypoplastic ipsilateral P1 segment, mean pCASL-CBF in the ipsilateral PCA flow territory was 40.2 AE 2.7 ml/100 g/ min compared with 33.0 AE 2.2 ml/100 g/min in the contralateral territory (p ¼ 0.003). For the fetal variant with an absent ipsilateral P1 segment, mean pCASL-CBF in the ipsilateral PCA flow territory was 32.1 AE 3.1 ml/100 g/min compared with 21.9 AE 3.06 ml/ 100 g/min in the contralateral territory (p < 0.001). To investigate whether signal was higher or lower in the fetal variant than in the nonvariant, we compared pCASL-CBF signal in the PCA flow territories between these populations. Subjects with a posterior fetal configuration showed higher pCASL-CBF signal in the ipsilateral PCA flow territory compared to the left PCA flow territory of subjects with a nonvariant posterior configuration (36.3 AE 2.1 versus 28.9 AE 1.26 ml/ 100 g/min, p ¼ 0.004).
Anatomical asymmetry in the posterior part of the CoW did not result in significant asymmetry in the MCA (Figure 3(b) ) or ACA (Figure 3(c) ) flow territories. Also, the pCASL-CBF signal in these flow territories did not differ significantly between posterior CoW variants.
No pCASL-CBF asymmetries were found in the MCA and ACA flow territories for the two most prevalent anterior CoW variants (Figure 4(a) and (b) ).
Flow and flow velocity
The mean flow velocity was measured in the basilar artery and both internal carotid arteries for all included subjects (Table 3) . We only compared the flow and flow velocities of the posterior fetal variants, as these showed asymmetry in the pCASL-CBF analysis.
In both posterior fetal variants, mean flow velocity was significantly lower in the basilar artery than in the ipsilateral ICA (p < 0.01). Moreover, basilar artery flow velocity was significantly lower in these posterior fetal variants (irrespective of P1 segment morphology) compared with the nonvariant posterior CoW configuration (8.7 AE 0.4 versus 10.5 AE 0.5 cm/s, p ¼ 0.038).
Blood flow in the basilar artery was significantly lower in the posterior fetal variant with a hypoplastic ipsilateral P1 segment compared to the nonvariant CoW configuration (1.65 AE 0.09 versus 2.37 AE 0.07 ml/ s, p < 0.001). This was also the case for the posterior fetal variant lacking the ipsilateral P1 segment (1.41 AE 0.08 ml/s, p < 0.001).
Discussion
Our data show that a unilateral posterior fetal CoW variant has significant left-right asymmetry in pCASL-CBF signal in the PCA flow territory, combined with decreased pCASL-CBF signal in the cerebellum. Additionally, the pCASL-CBF signal in the PCA flow territory ipsilateral to the variant artery was increased in the fetal-type CoW compared with nonvariant subjects. The absence of an A1 segment had no effect on the pCASL-CBF signal in any of the flow territories.
Although we found an asymmetry in pCASL-CBF signal, it is unlikely that the effects of the posterior fetal variant in the PCA flow territories can be explained by an actual physiological difference in CBF, as an earlier study has shown that there is no difference in blood flow between the P2 segments in subjects with this variant. 18 The observed effect of a fetal posterior circulation on cerebellar pCASL-CBF might well have a similar nonphysiological origin.
We propose two possible explanations for these effects, both related to flow velocity. It might be that perfusion of these flow territories through different vascular routes results in differences in arterial transit time. Another explanation suggests that the cause of the observed effects lies in labeling efficiency differences between arteries.
Arterial transit time is a known confounder of pCASL-CBF quantification 26, 27 and is known to vary between brain regions as well as individuals. 28, 29 As the pCASL label decay rate is governed by the T 1 relaxation time of the arterial blood, the time between labeling and acquisition (the PLD) has to be limited to preserve SNR (Signal to Noise). Longer arterial transit times can thus locally bias CBF measurements by incomplete delivery of labeled blood to the tissue before image acquisition. In posterior fetal variants, the basilar artery feeds a much smaller part of the posterior circulation which is reflected in reduced blood flow through this vessel. 18, 19, 30 This does not have to result in a decreased flow velocity, as the diameter of the basilar artery could be decreased as well. However, our data showed a reduced flow velocity in the basilar artery in subjects with a unilateral fetal PCA compared with nonvariant subjects. The decreased pCASL signal found in the flow territory fed by the basilar artery might be explained by a longer arterial transit time caused by the lower flow velocity of this arterial route. Ultimately, this might mean less label reaches the tissue before image acquisition leading to local CBF underestimations.
The higher pCASL-CBF seen in the ipsilateral PCA territory of fetal variants when compared with the nonvariant configuration can be explained by similar reasoning, as flow velocity of the ICA feeding this territory in the fetal variant is significantly higher than basilar artery velocity. Thus, more label can accumulate in the tissue due to lower transit times.
Differences in labeling efficiency between arteries may be another explanation for our observations. PCASL-CBF measurements are highly dependent on labeling efficiency, which is, in turn, dependent on the blood flow velocity in the labeled arteries. 4, 9, 10 In the posterior fetal variant, the ipsilateral PCA flow territory is fed by the ICA, while contralateral is fed by the basilar artery. As shown by our data, ICA flow velocity is significantly higher than basilar artery flow velocity in this variant. Earlier studies used simulations of the pCASL labeling process to estimate labeling efficiency as a function of flow velocity in the labeling plane. 4, 10, 31 These simulations show that labeling efficiency increases almost linearly with velocity until velocities of approximately 20 cm/s are reached and the relationship reaches a plateau. In our cohort, the measured flow velocities in the cerebropetal arteries were far lower than 20 cm/s. In this velocity range, a small absolute difference in flow velocity between arteries can cause a wide disparity in labeling efficiency, thus confounding CBF measurements.
An important limitation of the current study is that the used ASL sequence only had a single PLD (in line with the international consensus statement on ASL 3 ). This makes it impossible to quantify arterial transit times from the ASL data. It would be very informative to know how arterial transit time in, for example, the posterior flow territories would depend on the configuration of the CoW. This may yield further insight in how exactly the configuration of the CoW affects CBF quantification.
Irrespective of whether the arterial transit time or labeling efficiency explanation is considered the more likely cause of these results, the fact that only hypertensive elderly persons were included might limit the generalizability of this study. As cerebrovascular flow velocity is known to decrease with age, [32] [33] [34] the effects of CoW morphology on pCASL-CBF presented in this study may be attenuated or absent in younger, healthier subjects.
As no directional flow measurements were available for this study, flow direction in the arterial segments could not be verified. Retrograde flow through the posterior communicating artery generally only occurs in the presence of severe occlusion of an ICA. As no ICA stenoses or occlusions were detected in the study population, the chance of retrograde flow interfering with the adequate interpretation of the results is small.
To our best knowledge, this is the first study directly investigating the effect of CoW anatomy on the accuracy of whole-brain CBF measurements using pCASL. PCASL is widely used for CBF measurements in population studies and is in the process of being adapted for clinical use. Pinpointing sources of unwanted betweensubject and within-subject variance in pCASL data is important for the interpretation of findings and to further aid in the technique's standardization.
In conclusion, this study demonstrates that pCASL measurements underestimate CBF in the posterior flow territories and cerebellum of subjects with a highly prevalent variation in CoW morphology. Additionally, our data suggest that this effect is mediated by concomitant differences in flow velocity between arteries.
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